e During fungal rock phosphate (RP) solubilization, a significant quantity of fluoride (F ؊ ) is released together with phosphorus (P), strongly inhibiting the process. In the present study, the effect of two F ؊ adsorbents [activated alumina (Al 2 O 3 ) and biochar] on RP solubilization by Aspergillus niger was examined. Al 2 O 3 adsorbed part of the F ؊ released but also adsorbed soluble P, which makes it inappropriate for microbial RP solubilization systems. In contrast, biochar adsorbed only F ؊ while enhancing phosphate solubilization 3-fold, leading to the accumulation of up to 160 mg of P per liter. By comparing the values of F ؊ measured in solution at the end of incubation and those from a predictive model, it was estimated that up to 19 mg of F ؊ per liter can be removed from solution by biochar when added at 3 g liter ؊1 to the culture medium. Thus, biochar acted as an F ؊ sink during RP solubilization and led to an F ؊ concentration in solution that was less inhibitory to the process. In the presence of biochar, A. niger produced larger amounts of citric, gluconic, and oxalic acids, whether RP was present or not. Our results show that biochar enhances RP solubilization through two interrelated processes: partial removal of the released F ؊ and increased organic acid production. Given the importance of organic acids for P solubilization and that most of the RPs contain high concentrations of F ؊ , the proposed solubilization system offers an important technological improvement for the microbial production of soluble P fertilizers from RP.
I
n recent years, phosphorus (P) scarcity has been identified as a bottleneck in the sustainability of agricultural systems (1) . P is an essential and irreplaceable element for life. Most soils are P deficient, which makes P fertilizer application to soils obligatory to improve crop productivity. The primary sources of P fertilizers are rock phosphates (RPs) that are chemically solubilized with inorganic acids. However, the reserves of high-grade RPs that are economically exploitable with this technology are being depleted, increasing the price of fertilizers and endangering agricultural systems that are highly dependent on P inputs (1, 2) . This scenario requires the development of new techniques that enable the use of low-grade RPs or alternative P sources (3) .
Phosphate-solubilizing microorganisms (PSMs) are recognized as a promising alternative for P fertilization management because of their ability to mobilize P from sparingly soluble sources, including low-grade RPs. These microorganisms have been used in liquid and solid fermentation systems aimed at solubilizing RPs (4-6). However, it was recently demonstrated that during the solubilization process, PSMs become exposed to various chemical elements released from the RP (7) . Released fluoride (F Ϫ ) was observed to cause a strong decrease in P solubilization, suggesting that most of the microbial RP solubilization systems may operate at suboptimal conditions (7) , given that fluorine is a ubiquitous element in RPs (8) . Thus, it is expected that strategies to remove F Ϫ while it is released from RPs could increase the overall efficiency of RP solubilization.
The common strategy used for F Ϫ removal from aqueous solution is its adsorption on various types of materials (9) . Selective adsorption can be achieved using, for instance, materials containing aluminum, such as activated alumina. Complex materials, such as biochar (9) and bone char (10) , have also been used for efficient F Ϫ removal. These chars are a low-cost and environmentally friendly option because they are obtained by pyrolysis of biomass wastes. Thus, in the present study, the effects of two F Ϫ adsorbents, namely, activated alumina and biochar, on the solubilization of RP by A. niger was investigated.
MATERIALS AND METHODS

Microorganism.
The isolate A. niger FS1 was obtained from the Collection of Phosphate Solubilizing Fungi, Microbiology Department, Institute of Biotechnology Applied to Agriculture (BIOAGRO), Federal University of Viçosa, Viçosa, Brazil. The fungus was maintained at 30°C in petri dishes containing potato dextrose agar (PDA). Rock phosphate and adsorbents. RP from Araxá, Brazil, was used as an insoluble P source in the experiments. This RP (particle size Ͻ 75 m in diameter) was previously characterized as a mixture of fluorapatite and hydroxyapatite [Ca 10 (PO 4 ) 6 (F, OH)] (7) and contains 13.97% P and 1.59% F. The F Ϫ adsorbents were activated alumina (Al 2 O 3 ; particle size, 0.05 to 0.2 mm) and biochar. The biochar was produced by pyrolysis of biomass wastes of holm oak (Quercus ilex) at 480°C and supplied by Piroeco Bioenergy (Málaga, Spain). The biochar had a particle size less than 2 mm, a fixed carbon content of 85.56%, a content of volatiles of 12.24%, an ash content of 2.2%, and a pH in H 2 O of 8.7. Its elemental composition (mg kg Ϫ1 ) was as follows: N, 5,000; P, 2,400; K, 11,700; Mg, 5,600; Mn, 781; Zn, 22; Cu, 13; Ni, 11; Pb, 1.4; Cr, 0.7; and Cd, 0.07. Soluble P content in 2% citric acid (1:100) was 899.9 mg P per kg of biochar.
Experimental conditions. Experiments were conducted in 250-ml Erlenmeyer flasks containing 100 ml of the National Botanical Research Institute's phosphate growth medium (NBRIP) (11) 6 fungal conidia from a conidial suspension prepared in 0.1% (vol/vol) Tween 80. All flasks were incubated for 5 days on an orbital shaker at 160 rpm and 30°C. Experiments were conducted in triplicate by following a completely randomized design, and the treatment means were compared by the Tukey's test (P Ͻ 0.05).
Analytical methods. Because of the precipitation of oxalic acid by calcium ions (12) during phosphate solubilization, a special sampling procedure was adopted. At the end of incubation, culture flasks were removed from the shaker and the suspended matter in the culture medium was allowed to settle for 2 h. Then, 40 ml of the supernatant was filtered through quantitative filter paper (P free, 15-to 17-m pore size) for the analysis of soluble P, soluble F Ϫ , and pH. The remainder of the medium in the fermentation flask was acidified with concentrated H 2 SO 4 (95%) to pH 0.5 to 1.0 to solubilize the precipitated calcium oxalate. The acidified sample was filtered through 0.2-m membranes and used for the determination of organic acids by ultraperformance liquid chromatography-tandem MS (UPLC/MS/MS) as described previously (7) . The measured oxalic acid concentrations were converted to the quantity of oxalic acid in the total volume of medium.
Soluble P was determined spectrophotometrically using the vanadatemolybdate reagent (Fluka; catalog no. 94685). F Ϫ was determined spectrophotometrically using SPADNS reagent (Fluka catalog no. 70081). Before F Ϫ determination, samples were distilled to remove interfering components (13) .
Adsorption assay. Because the adsorption of F Ϫ or P on both adsorbents cannot be determined directly in the fermentation medium, an assay for measuring this process without the presence of RP or fungus was done. Erlenmeyer flasks containing 50 ml of NBRIP medium (without any P source) and containing 3 g liter Ϫ1 of either biochar or Al 2 O 3 were incubated under the same conditions as described above. Combinations of different doses of F Ϫ (0, 7.5, 15, 22.5, and 30 mg liter Ϫ1 , prepared from NaF) and soluble P (0, 50, 100, 150, and 200 mg liter Ϫ1 , prepared from KH 2 PO 4 ) were added to the flasks according to a composite central design (Table 1 ). This experimental design was chosen because it allows the analysis of the interaction effects between the variables F Ϫ and soluble P. The experimental design and the regression analyses were done using the option design of experiments (DOE) of the statistical software Minitab 16.1. At the end of incubation, the medium was filtered through quantitative filter paper (P free, 15-to 17-m pore size) and the concentration of P was determined as described above. The concentration of F Ϫ was determined with an ion-specific electrode (ISE). The quantity of F Ϫ and P adsorbed was calculated by subtracting the element content measured in solution at the end of incubation from that added at the beginning.
Prediction of the release of F ؊ from RP. A predictive model was used to estimate the total F Ϫ released in the presence of the adsorbents. In a previous work (7), we verified that the concentrations of F Ϫ and P released during fungal RP solubilization were correlated (0.93; P Ͻ 0.01). The data shown in reference 7 were used to fit a regression equation that estimates the concentration of F Ϫ released as a function of solubilized P (mg liter Ϫ1 ) from RP ( Fig. 1) :
Solubilized P and F Ϫ released were obtained from a 10-day batch fermentation performed using the same fungus, RP, fermentation medium, and incubation conditions as adopted in the present work, except that no adsorbents were added to the medium (7). The concentrations of F Ϫ and solubilized P were determined every 12 h, in triplicate. The pairs of data (solubilized P and F Ϫ ) were plotted in a scatter plot and linear regression analysis was done (Fig. 1) .
RESULTS
Biochar led to solubilized P levels from Araxá RP that were three times higher than those observed in the presence of Al 2 O 3 or in the absence of any of the adsorbents tested (Fig. 2) . As expected, no P was detected in the controls with biochar or Al 2 O 3 , indicating that the element was derived only from Araxá RP.
The concentrations of F Ϫ measured in the media with adsorbents were lower than predicted by equation 1, indicating that F Ϫ adsorption took place (Fig. 3) . Applying the values of solubilized P in the equation, the predicted F Ϫ concentrations in the treatments RP plus biochar and RP plus Al 2 O 3 were 26 and 8.4 mg of F Ϫ per liter, respectively (Fig. 3) .
In the absence of either RP or A. niger, Al 2 O 3 adsorbed significant quantities of F Ϫ and soluble P, reaching 20 and 55 mg liter Ϫ1 , respectively (Fig. 4) . In contrast, biochar adsorbed only F Ϫ , with a maximum of 5.3 mg liter Ϫ1 . Since the F Ϫ concentration in the adsorption assay was determined using an ISE, which measures ion activity, the quadratic relationship between F Ϫ adsorption by biochar and F Ϫ concentration resulted probably from the effect of the increasing molality on the ionic activity coefficient through ion-ion (ion-pair association) and ion-solvent (solvation) interactions (14) . Finally, since biochar did not adsorb P, solubilized P was not underestimated in the treatment RP plus biochar, allowing the correct estimate of released F Ϫ by equation 1. Also, for both adsorbents, no significant interaction effect was observed between P and F Ϫ . The production of organic acids and the medium pH were also affected by the addition of the adsorbents (Table 2) . Biochar increased the production of citric, gluconic, and oxalic acids compared with the control with only RP. Similar concentrations of the acids were found in both treatments with biochar. The lowest pH values were observed when biochar was added to the medium, regardless of the addition of RP. The production of citric and gluconic acids was, respectively, 2.7 and 2.6 times higher in the treatment with RP plus Al 2 O 3 than those in the control with only RP.
DISCUSSION
The addition of biochar to the solubilization medium containing RP caused a significant increase in the concentration of solubilized P. Our data suggest that this could be based on two interrelated processes: (i) partial removal from solution of the F Ϫ released from RP and (ii) enhancement of the production of organic acids, which are capable of solubilizing P by forming stable complexes with cations that form poorly soluble compounds with P (15, 16).
As observed previously (7), a small increase in F Ϫ concentration results in a large decrease in the level of solubilized P. The decrease in RP solubilization is related to inhibitory effects of F Ϫ on A. niger metabolism, especially on citric acid production and medium acidification (7) . Both of these processes were increased under the application of biochar as F Ϫ adsorbent (Table 2) . Medium acidification is one of the P solubilization mechanisms and results from the release of H ϩ by the fungus during metabolic processes such as NH 4 ϩ assimilation and respiration (17) . Thus, by alleviating F Ϫ toxicity, biochar can increase medium acidification and hence P solubilization by acidic attack on RP (18, 19) . Based on the data from the adsorption assay, biochar can adsorb an amount of up to 5.3 mg of F Ϫ per liter (Fig. 4) . However, in the presence of the fungus, this value was probably higher. A total of 26 mg of F Ϫ per liter was predicted to be released together with P in the treatment RP plus biochar (Fig. 3) . By subtracting the measured concentration of F Ϫ in solution from that predicted, it is estimated that up to 19 mg liter Ϫ1 was adsorbed by the biochar. The difference between the predicted and observed adsorption of F Ϫ can be an effect of the medium pH. Mohan et al. (9) showed that maximum F Ϫ adsorption on two distinct biochars occurs at pH 2 because more sites for F Ϫ binding are created by protonation of basic functions. They demonstrated that the highest percentages of adsorption occurred at pHs lower than 4. Thus, the acidification of the fermentation medium caused by A. niger (Table 2) may have improved the adsorption of F Ϫ by biochar. In addition to the removal of F Ϫ , biochar promoted a greater production of organic acids by A. niger than that of the control with only RP. This effect was independent of the presence of RP (Table 2) , and therefore of F Ϫ , which suggests that the increase in the production of organic acids was not exclusively related to the alleviation of F Ϫ toxicity by biochar. Greater microbial activity and biomass production are commonly observed after biochar addition to the soil (20, 21) . Biochar can also increase the abundance of P-solubilizing bacteria (22) . However, little is known about the mechanisms that might explain the positive effect of biochar on microorganisms. Although biochar has been used as a soil amendment, elucidation of the effect of biochar on microbial activity in soil by in vitro experiments has not been published. No report on the effect of biochar on the production of organic acids is available. Possibly, its positive effect is due to its ability to adsorb ions (21, 23) and thus control the concentrations of inhibitors of organic acid production. The cultivation medium used in this work is widely used in P solubilization studies (11) . Despite allowing the comparison of results from different studies, this medium was not optimized for organic acid production (24) . For example, it contains a significant amount of Mg, which can be inhibitory to citrate synthase (EC 2.3.3.1) (25) . Biochar could alleviate such inhibition by controlling Mg 2ϩ concentration. Another possible effect of biochar is related to its alkalinity. After its addition to the medium, the pH increased to 8.2. The production of oxalic (26) and gluconic (27) acids is favored by near neutral pH. Thus, at least initially, this alkaline condition could favor the production of these compounds. Al 2 O 3 addition to the fermentation medium did not result in any increase in P solubilization, even though the levels of F Ϫ were lower in this treatment (Fig. 3) . Since Al 2 O 3 also adsorbed P (Fig.  4) , solubilized P and, consequently, the amount of fluoride released from RP was probably underestimated. As P adsorption by Al 2 O 3 is increased near pH 4 (28, 29), it was not possible to determine the exact amount of P adsorbed under the acidic conditions prevalent at the end of the experiment. Though Al 2 O 3 showed the highest F Ϫ adsorption, it is not advantageous for microbial P solubilization systems because of the nonspecific P adsorption, which would make necessary an additional desorption step for total P recovery.
The production of organic acids in the treatment with Al 2 O 3 presented a pattern different from that obtained with biochar. Interestingly, the highest concentration of citric acid was detected in the treatment with RP plus Al 2 O 3 . In higher plants, the exudation of citric acid is associated with Al 3ϩ detoxification (30) , and some authors suggest that some fungi could also detoxify Al 3ϩ in this manner (31, 32) . Under the conditions tested, some Al 3ϩ released from Al 2 O 3 could have stimulated citric acid production by A. niger. An increased P solubilization was expected as a consequence of a higher concentration of citric acid in the medium (15) , but this was not observed. Citric acid may have formed complexes with Al 3ϩ , and thus, less acid was available to form complexes with calcium from RP. Further studies are necessary to confirm this hypothesis. The data obtained in this work indicate that biochar increases A. niger RP solubilization by alleviating F Ϫ toxicity and thereby stimulating the production of organic acids. A 3-fold increase in P solubilization was achieved using this cheap and abundant product obtained from agricultural wastes. Given the importance of organic acids in P solubilization (15, 16) and that most RPs contains high concentrations of F Ϫ (8), the proposed strategy offers an important improvement for microbial RP solubilization systems.
Conclusions. Biochar enhances RP solubilization by A. niger in liquid fermentation through two interrelated processes: partial removal of F Ϫ released from RP and increased production of organic acids. These results suggest that biochar can be used to enhance microbial RP solubilization, especially in the case of batch cultures in which toxic compounds such as F Ϫ can accumulate. 
